is associated with poor clinical outcome in childhood. Standard diagnostic criteria are still controversial, especially in young patients. Recent studies in adults demonstrated that left ventricular (LV) twist is abnormal in LVNC, but it has not been investigated in pediatric patients to date. Our aim was to assess LV cardiac mechanics, LV twist, and the prevalence of rigid body rotation, using 2-dimensional speckle tracking echocardiography, in young patients with LVNC and LV hypertrabeculation.
L
eft ventricular noncompaction (LVNC) is a cardiomyopathy characterized by prominent trabeculations and deep intertrabecular recesses within the left ventricular (LV) wall 1 that accounts for about 9% of all childhood cardiomyopathy. [2] [3] [4] Some consider it to be a developmental abnormality with arrest of the normal compaction of the endocardium and the myocardium, 5 others an acquired lesion-a frustrated attempt at hypertrophy-with serial echocardiographic studies showing the development of LVNC. 6 The condition is highly heterogeneous with a range of physiologies comprising a benign form with normal function, dilated form, hypertrophic form, hypertrophic and dilated form, restrictive form, and associated with congenital heart disease. 7 In childhood 8 but not in adults, 9 outcomes for the dilated form of LVNC have been shown to be worse than those for dilated cardiomyopathy alone, implying that the noncompaction phenotype itself worsens outcome.
Because of the heterogeneity of LVNC and also the naturally trabeculated nature of the left ventricle, diagnosis is not straightforward. Both echocardiography and magnetic resonance imaging diagnostic criteria are used [10] [11] [12] [13] to draw an arguably arbitrary demarcation line between what is deemed noncompacted and what is not, when in fact there is a spectrum of trabeculation from normal through hypertrabeculated (but normal) to noncompacted (abnormal). 9 It is known that the LV consists of helically oriented muscle fibres which are responsible for the cyclic systolic twisting deformation, characterized by opposite clockwise basal and counterclockwise apical rotations. 14 LV twist plays a key role in the efficiency of the cardiac contraction and relaxation, ensuring that only 15% of the fiber shortening may be commuted into 60% to 70% of ejection fraction (EF). [14] [15] [16] Furthermore, recent studies in adults demonstrated that LV twist is abnormal in LVNC [17] [18] [19] ; van Dalen et al 17, 18 described in adult patients with LVNC an LV rigid body rotation (RBR), characterized by LV base and apex rotating in the same direction. Cardiac mechanics and particularly LV twist has not been described in children and in young patients with LVNC. Thus, the aim of our study was for the first time to assess LV cardiac mechanics and the prevalence of RBR, by using speckle tracking echocardiography in children through the spectrum of trabeculation: normal trabeculation through hypertrabeculation (HT) to LVNC, as diagnosed by cardiac magnetic resonance imaging (CMR).
METHODS
Source data and analytic methods will not be made readily available to other researchers for purposes of reproducing the results or replicating the procedure. On the contrary, any request addressed to the corresponding author will be considered on a case-by-case basis.
Study Population
The study population included 47 children, mean (SD) age 11.1 (5.0; range: 0-18 years) referred to our Cardiomyopathy Service (from May 2012 to December 2017) for assessment of suspected LVNC. From this cohort, 23 patients fulfilled the CMR diagnostic criteria of LVNC (LVNC group), while 24 patients with increased trabeculation did not meet the CMR criteria for LVNC diagnosis (LVHT group). Moreover, 47 ageand sex-matched healthy volunteers were included in the study as control group. All controls were recruited from the Royal Brompton Hospital Outpatient Clinic; we included (1) subjects referred for atypical chest pain, otherwise healthy, not on any medication, and with normal cardiac evaluation, electrocardiogram, and echocardiogram; (2) asymptomatic subjects referred for LVHT who did not meet CMR criteria for LVNC and LVHT with normal electrocardiogram, structural, and functional normal echocardiogram (except for hypertrabeculation) and normal CMR. Thus, 34/47 controls performed CMR. Peripheral venous blood samples were collected from all patients and from the 34 controls who underwent CMR. BNP (brain natriuretic peptide) and TropI (troponin I) levels were assessed using immunoradiometric assays from EDTA/aprotinin plasma.
The institutional review committee approved the study and the study patients gave informed consent.
Echocardiography
Complete transthoracic echocardiographic studies were performed using a commercially available ultrasound system (iE33 xMATRIX Philips Healthcare, Best, the Netherlands) equipped with an adult, pediatric, and neonatal transducers (S5-1, S8-3, and S12-4), according to the standardized protocol of the Royal Brompton Paediatric Echolab. All data were transferred to a commercially available workstation (Xcelera, R3.2, Philips Healthcare) and analyzed offline. Chamber size and function were assessed according to the latest guidelines. 20 Values for LV measurements were adjusted for the body size and age expressed as Z scores. The Z score is the number of
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SDs from the mean value in a distribution of normal children at every given body surface area. The normal range is generally defined as −2 to +2 SDs. 21 
Cardiac Magnetic Resonance Imaging
All the patients and 34 controls underwent CMR at 1.5 T (Siemens Sonata or Avanto scanners, Siemens Medical Systems, Erlangen, Germany). Breath-hold steady-state free precession cine images were acquired in 3 long-axis planes and short-axis slices as previously described. 22 CMR evaluations are described in details in Methods in the Data Supplement. The diagnosis of LVNC was based on the presence of established CMR criteria 12, 13 and patients included into the LVNC group fulfilled all of the following criteria:
1. Discernible appearance of a 2-layered myocardium with a compacted epicardial layer and a noncompacted endocardial layer; 2. Deep intertrabecular recesses within the noncompacted layer; 3. Noncompacted to compacted end-diastolic myocardial ratio >2.3; and 4. Absence of other associated congenital or acquired heart disease. On the contrary, patients included in the LVHT group met all of the following criteria:
1. Discernible appearance of a 2-layered myocardium with a compacted and an epicardial layer and a noncompacted endocardial layer; 2. Deep intertrabecular recesses within the noncompacted layer; 3. Noncompacted to compacted end-diastolic myocardial ratio <2.3 and >1.7; and 4. Absence of other associated congenital or acquired heart disease.
Speckle Tracking Analysis
Two-dimensional speckle tracking echocardiographic analyses were performed by an experienced pediatric cardiologist using TomTec 2-dimensional (Cardiac Performance Analysis version 1.2.1.2). Global and regional longitudinal strains were assessed using apical 4-chamber, 3-chamber, and 2-chamber views; radial and circumferential strains (CSs) were measured using the LV short-axis views (at mitral valve, papillary muscles, and apical levels). The average peak longitudinal, radial, and CS values were calculated for each patient as previously described. 23 To guarantee an optimal tracking, images were obtained at a frame rate of 50 to 80 frames/s, sinus rhythm and ≤10% variability in heart rate.
LV Twist Study
Parasternal short-axis images were acquired at the mitral valve and at the LV apical levels. To analyze LV rotation, tracking points were placed on an end-diastolic and on an end-systolic frame in each parasternal short-axis picture. In the hypertrabeculated or noncompacted regions, the tracking points were placed into the compacted part of the LV.
According to the standard American Society of Echocardiography/European Association of Echocardiography consensus document 24 on myocardial strain, counterclockwise rotation was assigned a positive value and clockwise rotation a negative value. LV twist was calculated as the difference between peak apical rotation and basal rotation at a time interval corresponding to the ejection phase of the systole [14] [15] [16] ( Figure 1 ).
Reproducibility Study
Inter-rater and intrarater reliability was assessed using the intraclass correlation coefficient 25, 26 (Methods in the Data Supplement).
Statistical Analysis
Distribution of variables was evaluated by visual inspection of frequency histograms and normality was tested using the Shapiro-Wilk test. 27 Continuous variables were presented as mean (SD). Categorical data were expressed as percentages. Comparisons between the LVNC, the LVHT, and control groups were evaluated using the Mann-Whitney U test for continuous variables or the χ 2 test for categorical variables. Correlation of variables was performed using the Spearman ρ correlation. The independent ability of echocardiographic and biochemical parameters to discriminate between LVNC and LVHT was assessed using logistic regression analysis. The ability of the significant parameters at logistic regression analysis to distinguish children with LVNC was assessed using the receiver operating characteristics curve 28 (Methods in the Data Supplement). Multivariable logistic regression analysis was used to test univariable predictors for being independent predictors (Methods in the Data Supplement).
Statistical analyses were performed using SPSS version 22.0 statistical package (SPSS Inc, Chicago, IL).
RESULTS
Clinical and standard echocardiographic characteristics of the study sample are presented in Table 1 . No significant differences were observed between the 3 groups with respect to age, sex, and body surface area. Patients with LVNC (152. 2 [122] ng/L) and LVHT (26.1 [22] ng/L) had significantly higher levels of BNP when compared with healthy controls (11.0 [4] ng/L; P<0.001 and P=0.001, respectively). BNP concentrations in LVNC were higher compared with the LVHT group (P=0.001). No significant differences in the TropI levels among the 3 groups were found. We did not find significant electrocardiogram anomalies at rest in the whole population. Among the patients with LVNC, 2 had a history of ventricular arrhythmias (Table  I in the Data Supplement) and no patients presented thromboembolic events or other associated disorders.
CMR Assessment
The patients with LVNC had a mean (SD) noncompacted/compacted myocardium ratio of 3.6 (0.9), while the LVHT ones had a ratio of 2.0 (0.1) and the controls of 1.0 (0.1; Table 2 ).
Moreover, 2 out of 13 patients from the LVNC group, who received gadolinium injection, presented LV LGE (4 LV segments total). No subjects, between the 18 LVHT and the 15 controls who received gadolinium, were found to have LV LGE.
Standard Echocardiography Parameters
LVNC group showed small but statistically significantly reduced LV ejection fraction (LVEF) compared to LVHT group (P=0.003) and the controls (P<0.001; Noncompacted areas in the LVNC patients were mostly located at the apex (Movie III in the Data Supplement), lateral, and inferior myocardial regions. There was a 100% concordance between echocardiography and CMR for the location of noncompacted LV myocardial areas.
Speckle Tracking Echocardiography
Global and regional longitudinal, circumferential and radial strains were all significantly reduced in LVNC group and LVHT group compared with controls (P<0.001; Figure 2 ; Table 2 ). Only global circumferential (P=0.021) and apical CS (P=0.004) were significantly reduced in LVNC group compared with LVHT group.
Left Ventricular Twist and RBR
The mean twist of the LVNC group was significantly reduced compared with the control group (P<0.001; Figure 3 ) and LVHT group (P<0.001). RBR ( Figure 4 ) was recognized in 13 (56%) children with LVNC and in 1 (4%) child (age 2 years) with LVHT and a strong familial history of LVNC (3 first-degree relatives with an established LVNC diagnosis). A normal pattern of rotation was observed among all controls. RBR showed a sensitivity of 56% and a specificity of 99% to identify LVNC.
Comparing baseline characteristics and echocardiographic parameters of LVNC patients with versus without RBR (Table 3) , we found no significant differences among those parameters between the 2 groups. However, LVNC patients with RBR have a significantly lower mean LV twist value (P<0.001; Table 3 ).
Follow-up echocardiography data after 6 months were available and studied in 13 patients with LVNC (10 patients of those had RBR). These studies were performed and analyzed by different pediatric echocardiographist, blind to the clinical data, and the previous results. In all the abnormal twist (baseline LV twist: 3.78±3.8 degrees; after 6 months: 3.68±3.2 degrees, P=0.943) and the RBR was confirmed after 6 months from the baseline echocardiography. No significant correlation between the specific regional distribution of NC myocardium and the prevalence of RBR or impaired LV twist was found.
Twist Correlations

Multivariable Logistic Regression Analysis
Multivariate analysis was performed to detect the independent predictors of LVNC. The following variables were 
Values are mean (SD), or n (%). BNP normal range (0-20 ng/L). Troponin I normal range (0-40 ng/L)
. BNP indicates brain natriuretic peptide; BSA, body surface area; CTRL, control; E/A, early diastole peak velocity/atrial kick peak velocity ratio; E/E', early diastole peak velocity/early diastole annulus peak velocity ratio; HT, hypertrabeculation; LVEDD, left ventricular end diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end systolic diameter; LVHT, left ventricular hypertrabeculation; LVNC, left ventricular noncompaction cardiomyopathy; N/C, noncompacted/compacted myocardium measured by echocardiography at end systole (according to Jenni criteria); and TAPSE, tricuspid annular plane systolic excursion. *P<0.001 compared with CTRL. included in the analysis: global longitudinal strain, global circumferential strain, LVEF, and LV twist. These independent variables were chosen according to univariable analyses and clinical relevance. The results from the analysis demonstrated that LV twist was the only independent predictor of LVNC (P=0.006; β=0.462; SE=0.168).
Receiver Operating Characteristics Curve
The area under the curve, generated to assess the capability of LV twist to discriminate patients with and without LVNC, showed an area under the curve of 0.914 (cutoff value <5.8 degrees; sensitivity, 82%; specificity, 92%; Figure 5 ).
Reproducibility Analyses
Intraobserver and interobserver variability expressed as the mean percentage error (absolute difference/mean; 6±3% and 5±4%, respectively) and the intraclass correlation coefficients (0.95 and 0.96, respectively) were very good for longitudinal strain, for radial strain, and for LV torsion (7±7% and 7±8%, respectively; intraclass correlation coefficients: 0.92 and 0.93, respectively), good for circumferential strain (13±4% and 15±6%, respectively; intraclass correlation coefficients: 0.89 and 0.87, respectively). Interobserver and intraobserver variability were very good for the evaluation of RBR (κ=0.97 and 0.98).
DISCUSSION
This is the first study assessing cardiac mechanics in a population of children and young patients with LVNC and LVHT as diagnosed by CMR. Our study has demonstrated that LV twist can discriminate between LVNC and LVHT in young patients.
LV Function and Myocardial Deformation in Young Patients With LVNC
Two studies (Koh et al 29 [n=9 children] and Ari et al 30 [n=20 children]) have demonstrated that global and segmental, longitudinal and circumferential strain, and strain rate values were significantly reduced in patients with LVNC diagnosed by echocardiography criteria. 29, 30 In agreement with these studies, 29, 30 we have confirmed an impairment of longitudinal, circumferential, and radial deformation in a sample of 23 children with established LVNC as diagnosed by CMR when compared with controls. For the first time, we have demonstrated abnormal LV myocardial deformation properties also in young patients with LVHT. Of interest, global circumferential strain and apical circumferential strain were significantly reduced in the LVNC group when compared with the LVHT group.
Impaired LV Torsion in Pediatric LVNC
van Dalen et al 17, 18 demonstrated the loss of LV twist in 83% of 34 adult patients with LVNC, termed RBR. Similarly, Peters et al 19 showed that the base and apex of the LV rotate in the same direction in a group (53.3%) of African descent with LVNC (n=60). Sabatino et al; Ventricular Twist in Childhood LVNC Our study, for the first time, assessed LV twist and the occurrence of RBR in young patients with LVNC and LVHT. We detected an abnormally reduced LV twist in patients with LVNC, compared with the control and also compared with the LVHT. Moreover, we found RBR in 56% of LVNC but only in 4% (n=1) of LVHT (RBR sensitivity =56% and RBR specificity =99%). Of interest, this single child with LVHT had a strong familial history of LVNC, having 3 firstdegree relatives with an established LVNC diagnosis. This may suggest that this particular patient may develop LVNC.
Finally, we found consistently abnormal LV twist and RBR over a 6-month period, in a subgroup of LVNC patients.
The RBR prevalence we report in children and young adults with LVNC (56%) is in agreement with Peters et al 19 (53.3%) in adults; however, van Dalen recognized a higher RBR prevalence (83%) in his LVNC population of adult patients. However, in this study, LVNC was based on echocardiography and on expert opinion including patients with a mean LVEF of 40%.
Childhood LVNC may be because of an arrest of the ventricular compaction process, which proceeds from the base to the apex and from epicardium to endocardium during embryogenesis. 5, [31] [32] [33] We can speculate that the uterine arrest of myocardial maturation may affect particularly the apex, causing various degrees of deformation and torsional dysfunction. After an alternative hypothesis, it is an acquired lesion or a frustrated attempt at hypertrophy. Accordingly, in patients with LVHT, the degree of impairment of myocardial deformation properties is less because of a less severe abnormality in the compaction process at the apical level. This is in agreement with our findings of a more severe involvement of myocardial deformation properties at an apical level in LVNC group compared with the LVHT and controls.
LV Twist and LV Global Systolic Function in LVNC
Popescu et al 34 demonstrated that among 50 adults with dilated cardiomyopathy, reversed systolic apical rotation with loss of LV torsion was present in the 26 patients with a more advanced disease stage and more severe reduction in the LVEF (26±7%). In our study, we found only a modest association between decreased LV twist and LV global systolic function indices (LVEF: r=0.54; P<0.001 or LV global longitudinal strain: r=−0.61; P<0.001) and no significant correlation between RBR and LVEF. In addition, LVEF was similar between LVNC RBR− and LVNC RBR+ patients (Table 3 ). These findings suggest that the abnormal LV twist as well as the RBR in LVNC is, at most, only weakly affected by the degree of systolic dysfunction.
LV Twist Has Good Predictive Value in LVNC Diagnosis of Children and Young Patients
There are many controversies in this disease, not least a lack of consensus as to the cause, diagnosis, and management of LVNC. 6, 11, [35] [36] [37] Most studies have focused on adult patients 1, [11] [12] [13] [17] [18] [19] [31] [32] [33] [34] [35] [36] [37] while fewer data have been reported in pediatrics. [2] [3] [4] 8, 29, 30 There is great heterogeneity in the cause of childhood LVNC with multiple genetic mutations having been discovered. 5, 38 Many are due to abnormalities in the sarcomeric apparatus and, as for hypertrophic cardiomyopathy, their full phenotype may only develop at puberty. Thus, current diagnostic criteria for LVNC in childhood may be inadequate for an incompletely expressed phenotype.
In this context, our results demonstrate that LV twist has good accuracy in identifying LVNC diagnosed by CMR criteria and differentiating it from hypertrabeculated LV. Interestingly, we observed that the LV twist was more closely correlated with the N/C ratio than was LVEF or BNP, both by univariable and multivariable analyses. Also, the multivariable analysis showed that LV twist was an independent predictor of the LVNC diagnosis in our population.
Therefore, abnormal LV twist and the presence of RBR (specificity =99%) may be a useful criterion to help diagnose LVNC in young patients.
Study Limitations
This study carries several limitations. First of all, this work does not provide prospective long-term followup data, to establish whether patients with worse LV twist might have the worst clinical outcome. However, the aim of the study was to assess cardiac mechanics in young patients with LVNC and LVHT, and RBR was found only in 13 patients. Thus, further prospective multicenter studies would be needed to answer this question. Second, short-axis images were limited by out-of-plane motion and difficulties in standardizing views in the whole population. However, we tried to minimize such limitations by orienting the images to anatomic landmarks: the mitral valve at the basal level, papillary muscles at the mid level, and the most distal plane not showing systolic luminal closure at the apical level. Three-dimensional speckle tracking echocardiography could overcome those limitations, however, the lower frame rate of the 3-dimensional acquisition may lead to underestimating strain values particularly in children with a higher heart rate. Third, circumferential and radial strains showed a higher variability compared with longitudinal strains. The lower amount of tissue to track in the short-axis views may have caused these findings, in agreement with previous studies. 39 Finally, genetic testing results were not included in the present study.
Conclusions
Our study of cardiac mechanics in childhood LVNC has demonstrated abnormalities in LV twist and the presence of RBR that could be particularly helpful to differentiate children with LVNC from those with hypertrabeculation. Our findings strongly support the routine use of speckle tracking analysis in the evaluation of children and young patients with suspected LVNC.
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